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Abstract	
In	recent	years,	nanoparticles	have	become	the	focus	of	scientific	research	because	of	
their	wide	potential	application	value.	Iron	oxides	show	incredible	magnetic	saturation,	
stability,	and	intuitive	properties	on	the	surface,	making	them	ideal	for	a	variety	of	uses.	
In	this	paper,	nanometer	iron	oxide	particles	are	synthesized	by	co‐deposition	method,	
and	 silica	 is	 further	 used	 to	 avoid	 agglomeration.	 Functional	 synthesis	 of	 cysteine	
nanoparticles	(FNMs‐Cys).The	optimum	synthesis	conditions	and	adsorption	conditions	
were	 determined	 by	 orthogonal	 experiments.	 In	 addition,	 the	 anti‐interference	 and	
regeneration	 cycle	 performance	 of	 FNMs‐Cys	 are	 discussed.	 The	 samples	 were	
characterized	 by	 scanning	 electron	 microscope	 (SEM),	 X‐ray	 diffractometer	 (XRD),	
Fourier	 transform	 infrared	 spectrometer	 (FTIR),	 N2	 adsorption	 and	 desorption	
automatic	specific	surface	and	porosity	analyzer	(BET),	thermogravimetric	analysis	(TG)	
and	hysteresis	loop	test	(VSM).	The	adsorption	process	of	Pb2+	by	FNMs‐Cys	accords	with	
quasi‐second‐order	kinetics	and	Langmuir	isothermal	adsorption	model,	which	shows	
that	 the	 adsorption	 is	 mainly	 through	 chemical	 adsorption	 of	 monolayer,	 In	 the	
Langmuir	model,	 the	maximum	single‐layer	adsorption	capacity	of	FNMs‐Cys	 for	Pb2+	
reached	174.85	mg/g.	After	five	cycles	of	adsorption‐desorption	regeneration,	FNMs‐Cys	
still	 showed	 good	 stability	 and	 recyclability.	 At	 present,	 it	 is	 of	 forward‐looking	
significance	to	study	the	removal	effect	of	Pb2+	in	water	by	using	amino	acid	modified	
mesoporous	magnetic	silica	materials	in	laboratory.		
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1. Introduction	

Heavy	metal	ion	pollution	is	one	of	the	major	environmental	problems	facing	water	systems	in	
the	world.	Among	these	heavy	metal	species,	lead	is	a	common	pollutant	due	to	its	high	toxicity,	
carcinogenicity,	 mutagenicity	 and	 wide	 range	 of	 industrial	 applications.Unlike	 organic	
pollutants,	 lead	 can	 not	 be	 biodegraded,	 but	 can	 also	 accumulate	 through	 the	 food	 chain,	
affecting	 the	 brain	 and	 nervous	 system	 of	 animals	 and	 causing	 irreversible	 organ	 damage.	
Therefore,	it	is	very	important	to	treat	heavy	metal	wastewater.	[1]	At	present,	the	treatment	
methods	 of	 heavy	 metal	 wastewater	 include	 chemical	 precipitation	 [2],	 ion	 exchange	 [3],	
membrane	separation	[4]	and	adsorption	[5].	Adsorption	has	become	a	cost‐effective	method	
for	pollutant	removal	[6].	Several	sorbents	such	as	natural	zeolite	[7],	sodium	alginate	[8],	and	
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chitosan	 [9],	 have	 been	 used	 to	 remove	 heavy	 metal	 ions	 from	 wastewater.	 However,	 the	
adsorption	capacity	of	these	materials	is	low	and/or	inefficient,	and	the	process	of	separating	
the	adsorbent	from	the	aqueous	solution	after	saturated	adsorption	is	often	complex	and	time	
consuming.	
Fortunately,	 under	 a	 certain	 magnetic	 field,	 magnetic	 assisted	 chemical	 separation	 is	 an	
effective	 method	 to	 remove	 heavy	 metals	 from	 aqueous	 solutions.	 Magnetic	 nanoparticles,	
especially	 Fe3O4	 nanoparticles,	 have	 gained	 more	 and	 more	 attention	 due	 to	 their	 unique	
magnetic	 properties	 and	 preparation	 feasibility	 [10‐11].	 However,	 there	 are	 two	 major	
challenges.	One	is	related	to	the	reunion,	poor	dispersion	of	Fe3O4	in	water	[12].	The	other	is	
the	easy	oxidation/dissolution	of	iron	nanoparticles,	especially	at	high	concentrations	of	acid	
solution	 [13].	 To	 solve	 these	 problems,	 a	 suitable	 shell	 structure	 or	 decorative	material	 is	
usually	 introduced,	 and	 silica	 is	 known	 to	 be	 one	 of	 the	 ideal	 coatings	 for	magnetic	 Fe3O4	
nanoparticles	 due	 to	 its	 reliable	 chemical	 stability,	 biocompatibility,	 and	 easy	 surface	
modification	 [14][15].	 It	 was	 shown	 that	 after	 saturation	 adsorption,	 magnetic	 Fe3O4‐SiO2	
composite	particles	can	be	easily	separated	from	the	mixed	solution	by	an	external	magnetic	
field,	And	the	adsorption	effect	of	the	material	can	be	improved	to	some	extent.	For	example,	
Vojoudi	et	al	 [16].investigated	the	adsorption	of	magnetic	Fe3O4‐SiO2	composite	particles	on	
Pb(II)	and	Hg(II)	and	found	that	the	composite	particles	had	a	strong	adsorption	capacity,	with	
the	maximum	removal	of	Hg(II),	Pb(II))	of	98.8%	and	95.7%.	In	addition,	L‐cysteine[17][18]	is	
a	biocompatible,	safe	and	non‐toxic	water‐soluble	amino	acid	that	can	be	found	in	most	high‐
protein	foods,	including	animal	sources	(e.g,	pork,	dairy)	or	plant	sources	(e.g.,	broccoli,	onion,	
garlic),	has	 three	 functional	 groups	 (‐SH,‐NH2,‐COOH),	 and	possesses	 strong	metal	 chelating	
ability.	Some	recent	studies	have	reported	that	‐SH,‐NH2	functional	groups	can	form	crosslinked	
networks	with	epoxy	groups	to	provide	chemical	stability	and	surface	properties	[19],	and	‐SH,‐
NH2,‐COOH	 can	 provide	 good	 biocompatibility	 and	 stability,	 and	 are	 well	 involved	 in	 the	
removal	of	metal	 ions	 from	aqueous	solutions	by	 forming	various	complexes	and	 thus	 [20].	
Therefore,	the	introduction	of	cysteine	would	be	a	good	choice.	
Based	on	this	background,	in	this	paper,	magnetic	mesoporous	silica	microspheres	(FNMs‐Cys)	
with	 magnetic	 response	 were	 prepared	 by	 combining	 Fe3O4	 nanoparticles	 with	 silica	 and	
surface	modifying	them	using	cysteine,	and	magnetic	mesoporous	silica	microspheres	(FNMs‐
Cys)	 modified	 by	 cysteine	 were	 prepared.To	 evaluate	 the	 treatment	 effect	 of	 FNMs‐Cys	 as	
adsorbent	on	simulated	lead	wastewater	and	its	feasibility	in	practical	application.	

2. Materials	and	Methods	

2.1. Chemicals	and	Materials	
Ferrous	 sulfate	 heptahydrate,	 ferric	 chloride,ethyl	 orthosilicate	 (TEOS),	 cetyltrimethyl	
ammonium	bromide	 (CTAB),	 3‐aminopropyl	 triethoxysilane	 (APTES),	 sodium	borohydride	 ,	
ammonia	 water,	 acetone,	 glutaraldehyde,	 purchased	 from	 Shanghai	 Maclin	 Biochemical	
Technology	Company;L‐cysteine,	anhydrous	ethanol,	sodium	nitrate,	magnesium	nitrate,	ferric	
nitrate,	sodium	hydroxide,	potassium	hydroxide,	hydrochloric	acid,	purchased	from	Chengdu	
Kelong	Chemical	Reagent	Factory.The	solutions	were	prepared	with	deionized	water.	

2.2. Synthesis	of	Aminosilanized	Silica‐coated	Magnetite	Nanomaterials	
Fe3O4@nSiO2@mSiO2‐NH2	

The	synthesis	of	 the	absorbent	was	carried	out	via	 four	defined	steps.	An	 illustration	of	 the	
procedure	is	shown	in	Fig.1	After	being	magnetically	separated	via	an	external	magnetic	field,	
dry	and	set	aside.Magnetic	mesoporous	silica	was	prepared	by	StӦber	process	[21].1g	Fe3O4,	4	
mL	ammonia	water,	80	mL	ethanol,	20mL	deionized	water	and	3	mL	TEOS	were	stirred	at	room	
temperature	for	2	h.The	solid	product	was	collected	by	a	magnet	and	repeatedly	washed	with	
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a	large	amount	of	deionized	water	and	absolute	ethanol	and	dried	under	vacuum	at	60	℃	for	
12h	 to	 obtain	 Fe3O4@nSiO2	 (Fe3O4‐SiO2)magnetic	 particles.The	 washed	microspheres	 were	
dispersed	in	a	mixture	of	100	mL	deionized	water	containing	ethanol	(V	ethanol:	V	water	=3:	4)	
Add	1	g	CTAB,	4	mL	ammonia	water	and	4	mLTEOS	stir	at	room	temperature	for	6	h.	Magnetite	
particles	were	collected	with	a	magnetic	bar	and	the	templating	agent	CTAB	was	removed	with	
acetone,	 then	washed	several	 times	with	distilled	water	 and	dried	at	45℃for	8	h	 to	obtain	
Fe3O4@nSiO2@mSiO2	 (FNMs)	 samples.1g	 FNMs	 was	 dispersed	 in	 50	 mL	 ethanol	 solution,	
followed	by	ultrasonic	dispersion	for	30	min	and	adding	4	mL	APTES	and	appropriate	amount	
of	ammonia	water.	After	continuous	agitation	at	40	℃	for	4	h,	After	completion	of	the	reaction,	
the	mixture	was	cooled	to	room	temperature.	The	solid	product	was	collected	with	a	magnet,	
washed	repeatedly	with	large	amounts	of	deionized	water	and	anhydrous	ethanol,	and	dried	
under	vacuum	at	45℃for	8	h	to	obtain	the	materialFe3O4@nSiO2@mSiO2‐NH2	(FNMs‐NH2).	

	
Fig	1.	Schematic	synthesis	of	magnetite	nanomaterials	coated	with	aminosilanized	silica	

2.3. Synthesis	and	Optimization	of	Magnetic	Mesoporous	Silica	Modified	with	
Cysteine	

In	 the	 process	 of	 cysteine	 functional	 modification	 of	 magnetic	 mesoporous	 silica,	
glutaraldehyde	 is	used	as	 a	 crosslinking	agent	 to	 connect	FNMs‐NH2	and	 cysteine	 to	obtain	
cysteine‐functionalized	 magnetic	 mesoporous	 silica	 FNMS‐Cys.	 The	 reaction	 equation	 of	
cysteine	modified	magnetic	mesoporous	 silica	 is	 shown	 in	Fig	2.In	order	 to	obtain	 the	best	
modified	composite,	 four	 factors	and	 three	 levels	orthogonal	experiments	were	designed	 to	
explore	the	effects	of	pH,	the	ratio	of	m(FNMs‐NH2):	m	(cysteine),	the	amount	of	glutaraldehyde	
and	 the	 reaction	 temperature	 on	 the	 adsorption	 of	 Pb2+	 by	 the	 composite.	 The	 optimized	
conditions	with	the	highest	adsorption	capacity	were	selected	for	subsequent	experiments.	

	
Fig2.	Reaction	equation	of	magnetic	mesoporous	silica	modified	by	cysteine	

2.4. Characterizations	of	FNMs‐Cys	
The	 pore	 structure	 and	 surface	morphology	 of	 Fe3O4,	 Fe3O4‐SiO2,	 FNMs‐NH2	 and	 FNMs‐Cys	
were	observed	by	scanning	electron	microscope	(ZEISS	Gemini	300).	The	element	distribution	
of	 FNMs‐Cys	 and	 FNMs‐Cys‐Pb	 (FNMs‐Cys	 after	 Pb2+	 adsorption)	 was	 analyzed	 by	 Energy	
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Dispersive	 X‐ray	 spectrometer	 (X‐Max	 50,	 Oxford	 instruments	 type).The	 surface	 functional	
groups	of	Fe3O4,	Fe3O4‐SiO2,	FNMs‐NH2	and	FNMs‐Cys	were	determined	by	Fourier	Transform	
infrared	 spectrometer	 (Tensor	 27)	 in	 the	 spectral	 range	 of	 4000‐400cm‐1.	 The	 crystalline	
structures	of	Fe3O4,	Fe3O4‐SiO2,	FNMs‐NH2,	FNMs‐Cys	and	FNMs‐Cys‐Pb	were	characterized	by	
X‐ray	powder	diffractometer	(X	'Pert	PRO).	

2.5. Batch	Adsorption	Performance	Experiment.	
Batch	experiments	were	carried	out	in	this	part	to	explore	the	effects	of	pH,	FNMs‐Cys	addition	
amount,	 initial	 concentration,	 temperature	 and	 adsorption	 time	 on	 the	 adsorption	 effect	 of	
FNMs‐Cys	 on	 Pb2+.	 The	 pH	 gradient	 was	 set	 as	 1~7,	 adsorbent	 dosage	 as	 0.2~1g/L,	 the	
temperature	as	10~50℃,	the	adsorption	time	as	0.5~12h,	and	the	initial	concentration	as	10‐
180mg/L.After	shaking	for	10	h	at	200	rpm	and	25℃,	the	concentration	of	Pb2+	before	and	after	
adsorption	 in	 the	 solution	 was	 measured,	 and	 the	 optimal	 conditions	 were	 determined	
according	to	the	calculated	adsorption	amount.	The	mass	concentration	of	Pb2+	before	and	after	
adsorption	was	determined	by	atomic	absorption	spectrophotometer,	and	the	data	were	the	
average	values	of	three	repeated	experiments.	

2.6. Research	on	Regeneration	Performance	
In	 order	 to	 evaluate	 the	 possibility	 of	 regeneration	 and	 recycling	 of	 FNMs‐Cys,	 adsorption‐
desorption	 experiments	were	 carried	 out.	Determine	whether	 FNMs‐Cys	 can	 exist	 stably	 in	
strong	acidic	media.	Therefore,	it	was	washed	in	25	mL	0.01mol	/L,	0.02mol	/L,	0.05mol	/L,	
0.1mol	/L	and	0.2mol	/L	HCl	solution	with	concentration	gradient.At	the	same	time,	attention	
should	be	paid	 to	whether	 the	duration	of	washing	FNMs‐Cys	 in	HCl	solution	will	affect	 the	
desorption	degree	of	FNMs‐Cys.	Set	the	washing	time	gradient	to	10min,	20min,	30min,	50min,	
and	60min.	The	adsorption	and	desorption	of	FNMs‐Cys	 (FNMs‐Cys‐Pb)	composite	material	
after	 Pb2+	 adsorption	 were	 carried	 out.	 The	 material	 was	 recycled	 for	 5	 times,	 and	 the	
experimental	process	was	repeated	for	4	times.	

2.7. Evaluation	of	Anti‐interference	Capability	
In	the	lead‐containing	wastewater	in	real	 life,	Pb2+	does	not	exist	alone,	and	there	are	many	
cations	and	anions	coexisting.	In	this	part,	by	adding	the	nitrates	of	Na+,	K+,Ca2+	and	Mg2+	with	
the	same	concentration	gradient	to	form	a	binary	system	with	Pb2+,	the	interference	ability	of	
Ca2+,	Mg2+,	Na+	and	K+	on	the	adsorption	of	Pb2+	by	FNMs‐Cys	was	explored.	At	the	same	time,	
six	representative	anions	were	selected,	namely	Cl‐,	NO3‐,	Br‐,	SO42‐,	CO32‐	and	F‐,	and	six	sodium	
salts	 of	 NaCl,	 NaNO3,	 NaBr,	 Na2SO4,	 Na2CO3	 and	 NaF	 were	 added	 into	 the	 solution.	 The	
interference	 effects	 of	 different	 types	 and	 concentrations	 of	 anions	 on	 the	 Pb2+	 adsorption	
capacity	of	FNMs‐Cys	were	investigated.	

2.8. Analysis	Methods	
On	 the	 basis	 of	 the	 adsorption	 experiment,	 Eqs	 (1)	 and	 (2)	 were	 used	 to	 calculate	 the	
equilibrium	adsorption	capacity	and	removal	rate	[22].	

																																																																(1)	

																																																															(2)	

Where	qe	is	adsorption	capacity	(mg/g);	C0	and	Ce	(mg/L)	are	the	initial	concentration	and	the	
instantaneous	concentration,	respectively.	m	is	the	dose	of	adsorbent	(g);	V	is	the	volume	of	
solution	(L);	 Is	Pb2+	removal	rate	(%).	
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In	addition,	according	to	the	adsorption	experiment	[23],	quasi‐first‐order	kinetic	model	eq	(3)	
and	quasi‐second‐order	kinetic	model	eq	(4)	were	selected	to	calculate	the	kinetics:	
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Where,qe	is	the	equilibrium	adsorption	capacity	(mg/g),	qt	(mg/g)	is	the	adsorption	capacity	of	
pb2+	solution	at	time	t	(h),	qe,cal	(mg/g)	is	the	theoretical	maximum	adsorption	capacity,	k1	(Min‐
1)	 and	 k2[g/(mg·min)]	 are	 the	 quasi‐first‐order	 rate	 constant	 and	 quasi‐second‐order	 rate	
constant	of	the	kinetic	model,	respectively.	
In	order	to	further	study	the	diffusion	mechanism	[24],	Eq(5)of	intra‐particle	diffusion	kinetics	
was	 selected	 to	 calculate	 the	 intra‐particle	model,	 and	 Eq(6)of	 Elovich	model	 was	 used	 to	
describe	the	adsorption/desorption	kinetics,	as	shown	below:	

Ctkq i  5.0
t 																																																																					(5)	


 )ln()ln( t

qt 




																																																																	
(6)	

ki	 is	 the	 diffusion	 rate	 constant	within	 the	 particle,	 C	 (mg/g)	 is	 the	 constant	 related	 to	 the	
thickness	of	the	surface	layer,	αis	the	Elovich	rate	constant.	βis	the	change	of	adsorbent	surface	
coverage.	
Langmuir	(Eq.(7)),	Freundlich	(Eq.(8))	and	Temkin	(Eq.(9))	adsorption	isotherm	models	were	
used	to	fit	the	adsorption	of	FNMs‐Cys,	as	follows	[25]:	
Langmuir	isothermal	model:	

)1/( eee LLm cKcKqq 
																																																														

(7)	

Where	qm	(mg/g)	is	the	theoretical	maximum	adsorption	capacity	and	KL	(L/mg)	is	Langmuir	
isotherm	constant.	
Freundlich	isothermal	model:	

n
ee cq KF

/1 																																																																	(8)	

Where	KF	(L/mg)	is	Freundlich	constant,	1/n	is	constant	of	adsorption	process,	1/n	is	isotherm	
type,	1/n	<	0	is	irreversible,	0	<	1/n	<	1	is	ideal,	and	1/n	>	1	is	not	ideal.	
Temkin	isothermal	model:	

Tee bCKRTq T /)(ln
																																																																(9)	

Where,	bT	is	the	constant	related	to	the	adsorption	heat	defined	by	Temkin,	R	is	the	universal	
gas	constant	(8.314	J/mol),	and	T	is	the	Kelvin	temperature.	
D‐R	isothermal	model	[26]	can	be	obtained	from	Eqs(10),(11)and(12):	

)/11ln( ecRT 
																																																														(10)	
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2/1E 																																																																				(12)	

Where	ε	is	the	Polanyi	potential,β	is	the	activity	coefficient	associated	with	the	mean	adsorption	
free	energy	(mol2/J2),E	(kJ/mol)	is	the	free	energy	of	the	adsorbent	transferred	from	solution	
to	the	surface	of	the	adsorbent,In	the	adsorption	process,	8kJ/mol	<	E	<	16kJ/mol	was	defined	
as	chemisorption,	while	the	adsorption	mechanism	when	E	<	8kJ/mol	was	defined	as	physical	
adsorption,	which	was	determined	by	the	slope	of	the	equation	D‐R	isothermal	model.	
According	 to	 the	 adsorption	 experiment,	 Van	 'Hoff	 equation	 (Eqs(13),(14)and(15))	 was	
selected	 to	 explore	 the	 relationship	 between	 the	 chemical	 equilibrium	 constant	 and	
temperature,	and	the	parameters	were	calculated	as	follows	[27]:	
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Where	Kc	is	the	thermodynamic	equilibrium	constant	and	T	is	the	absolute	temperature	(K).	
∆H	(kJ/mol)	is	the	enthalpy	change,	∆G	(kJ/mol)	is	the	Gibbs	free	energy,	and	∆S(J/mol·K)	is	
the	entropy	change.	

3. Results	and	Discussion	

3.1. Optimization	Results	of	FNMs‐Cys	Modification	Conditions	
Table	1.	Orthogonal	experiment	of	adsorption	of	Pb2+	by	FNMs‐Cys	

Experiment	
number	 A.pH	

B.Feed	
ratio	

C.Glutaraldehyde	
dosage	(mL)	

D.temperature(℃)	 Removal	rate	
(%)	

1	 7.0	 1:0.5	 0.5	 30	 71.94	
2	 7.0	 1:1	 1	 55	 93.30	
3	 7.0	 1:1.5	 2	 80	 79.49	
4	 8.0	 1:0.5	 1	 80	 59.91	
5	 8.0	 1:1	 2	 30	 49.37	
6	 8.0	 1:1.5	 0.5	 55	 58.14	
7	 9.0	 1:0.5	 2	 55	 81.76	
8	 9.0	 1:1	 0.5	 80	 78.92	
9	 9.0	 1:1.5	 1	 30	 71.53	
K1	 244.73	 213.61	 209.00	 218.32	 	
K2	 167.36	 221.59	 224.74	 233.20	 	
K3	 232.21	 209.16	 211.16	 192.84	 	
k1	 81.58	 71.20	 69.67	 72.77	 	
k2	 55.79	 73.86	 74.91	 77.40	 	
k3	 77.40	 69.72	 70.39	 64.28	 	

Range	R	 25.79	 4.41	 5.24	 13.12	 	
Primary	and	
secondary	
factors	

A>D>C>B	

Optimal	scheme	 A1B2C2D2	
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Magnetic	mesoporous	silica	was	grafted	with	cysteine	to	increase	the	functional	groups	on	the	
surface	 of	microspheres	 and	 improve	 the	 removal	 rate	 of	 Pb2+.	 In	 order	 to	 obtain	 the	 best	
modified	composites,	a	four‐factor	and	three‐level	orthogonal	experimental	table	was	designed	
in	 this	paper	 to	obtain	 the	 following	9	 composites	 and	 the	 removal	 rate	of	 each	 composite.	
(Table	1)	
Table	1	shows	that:	
As	can	be	seen	from	Table	1,	R	is	an	index	to	evaluate	the	influence	degree	of	the	four	influencing	
factors.	The	larger	the	range	of	R,	the	stronger	the	influencing	factors.	The	results	show	that	
RA>RD>RC>RB,	which	shows	the	adsorption	effect	of	magnetic	mesoporous	silica	modified	by	
cysteine,	and	the	order	of	each	factor	is	pH	>	reaction	temperature	>	glutaraldehyde	dosage	>	
feed	ratio,The	optimal	experimental	scheme	is	A1B2C2D2,	and	the	conditions	are	pH=7,	the	feed	
ratio	is	1:	1,	the	dosage	of	glutaraldehyde	is	1	mL	and	the	temperature	is	55℃.	
Therefore,	the	best	scheme	for	the	modification	of	magnetic	mesoporous	silica	cysteine	is	as	
follows:	 0.2g	 magnetic	 mesoporous	 silica	 is	 added	 to	 50ml	 buffer	 solution	 containing	 1ml	
glutaraldehyde	in	a	water	bath	at	55℃,	after	full	reaction,	the	magnet	is	separated,	0.2g	cysteine	
and	 0.2g	 sodium	 borohydride	 are	 added	 and	 stirred	 for	 6	 h.	 After	 three	 times	 of	magnetic	
washing,	FNMs‐Cys	was	obtained.	

3.2. Physical	and	Chemical	Characteristics	of	FNMs‐Cys	
FTIR	spectra	were	acquired	to	determine	the	differences	of	functional	groups	on	the	surfaces	
of	Fe3O4,	Fe3O4‐SiO2,	FNMs‐NH2	and	FNMs‐Cys	composites,	as	well	as	to	assses	the	changes	in	
the	surface	functional	group	structures	before	and	after	adsorption	were	evaluated.	The	FTIR	
spectra	of	the	obtained	raw	materials	Fe3O4,	Fe3O4‐SiO2,	FNMs‐NH2	and	FNMs‐Cys	are	shown	
in	the	Fig3a.The	characteristic	absorption	peak	observed	at	597cm‐1	is	attributed	to	the	tensile	
vibration	of	the	Fe‐O	bond	[28].	The	strong	absorption	peak	observed	at	1057cm‐1	is	attributed	
to	the	lattice	vibration	of	Si‐O‐Si	and	the	stretching	vibration	of	Si‐O	band	[29].	The	stretching	
vibration	 band	 [30]	 of	 C‐H	 is	 2930	 cm‐1,	 The	 absorption	 peak	 observed	 at	 1640cm‐1	 is	 the	
overlap	 of	 the	 N‐H	 bending	 vibration	 peak	 and	 the	 bending	 vibration	 band	 of	 the	 O‐H	
absorption	peak	into	a	wide	absorption	band.	The	peak	observed	at	2601	cm‐1	is	attributed	to	
the	 grafted	 cysteine‐SH	 [31]	 absorption	 peak,	 and	 the	 free	 carboxylate	 O‐H	 [32]	 stretching	
vibration	absorption	is	located	at	3550	cm‐1.	1720	cm‐1	is	the	stretching	vibration	peak	of	free	
carboxylic	acid	C=O.	These	data	confirmed	that	SiO2	was	successfully	coated	on	the	surface	of	
Fe3O4	 nanospheres,	 and	 cysteine	 was	 successfully	 grafted	 onto	 the	 surface	 of	 magnetic	
mesoporous	silica.	
Fig	3(b)‐(f)shows	the	SEM	morphologies	of	Fe3O4,	Fe3O4‐SiO2,	FNMs‐NH2,	FNMs‐Cys	and	FNMs‐
Cys‐Pb	at	10W	magnification.	Comparing	the	results	of	Fe3O4	with	Fe3O4‐SiO2,	FNMs‐NH2	and	
FNMs‐Cys,	 it	 can	 be	 found	 that	 regular	 magnetic	 silica	 microspheres	 are	 formed	 after	
modification4.	Because	the	microspheres	are	magnetic	and	attractive	to	each	other,	there	is	a	
phenomenon	of	reunion	between	the	microspheres.	Nano‐particles	appear	outside	the	silica	
microspheres	loaded	with	functional	groups,	which	makes	their	surfaces	rougher,	which	also	
provides	more	 attachment	 sites	 for	 adsorption,	 thus	 promoting	 greater	 adsorption.	 Careful	
observation	of	the	10	W	times	SEM	image	of	FNMs‐Cys	shows	that	the	surface	of	microspheres	
has	 irregular	 pore	 structure.	 Comparing	 FNMs‐Cys	 and	 FNMs‐Cys‐Pb	 before	 and	 after	
adsorption,	 it	can	be	found	[33]	that	the	adsorbed	FNMs‐Cys‐Pb	still	maintains	the	shape	of	
microspheres,	and	the	particles	on	the	surface	of	microspheres	increase	sharply	compared	with	
those	before	adsorption,	indicating	that	the	adsorbent	FNMs‐Cys	has	a	good	adsorption	effect	
on	Pb2+.	
In	addition,	the	EDS	mapping	of	FNMs‐Cys	and	FNMs‐Cys‐Pb	is	shown	in	the	Fig	4a	from	which	
we	can	see	the	distribution	and	changes	of	elements	of	C,	N,	Si,	O,	Fe	and	Pb,	which	can	more	
intuitively	 show	whether	FNMs‐Cys	has	adsorbed	Pb2+.	As	 can	be	seen	 from	 the	Fig	4b,	 the	



Scientific	Journal	of	Technology																																																																																																																									Volume	6	Issue	3,	2024	

ISSN:	2688‐8645																								

53	

representative	 color	 of	 Pb2+	 in	 the	 adsorbed	 FNMs‐Cys‐Pb	 begins	 to	 appear,	 and	 from	 the	
distribution	of	Pb2+,	the	adsorbed	Pb2+	is	in	a	state	of	uniform	distribution	[34],	which	further	
shows	that	FNMs‐Cys	has	a	good	adsorption	effect	on	Pb2+	in	the	solution.	
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Fig	3.	(a)FTIR	spectra	of	Fe3O4,	Fe3O4‐SiO2,	FNMs‐NH2,	FNMs‐Cys;	SEM	images	of	Fe3O4	(b),	

Fe3O4‐SiO2	(c),	FNMs‐NH2	(d),	FNMs‐Cys	(e),	and	FNMs‐Cys‐Pb	(f);	
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Fig	4.	FNMs‐Cys(a)and	FNMs‐Cys‐Pb(b)	EDS‐mapping	
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The	crystalline	 structure	of	FNMs‐Cys	was	 characterized	by	XRD	analysis,	 and	 the	 chemical	
compositions	 of	 Fe3O4,	 Fe3O4‐SiO2,	 FNMs‐NH2,	 FNMs‐Cys	 and	 FNMs‐Cys‐Pb	 were	 tested	
respectively,	 and	 the	 results	 are	 shown	 in	 the	Fig	5(c).Fe3O4‐SiO2,FNMs‐NH2,	 FNMs‐Cys	and	
FNMs‐Cys‐Pb	all	have	 characteristic	diffraction	peaks	at	30.1°,	35.4°,	43.1°,	53.4°,	56.9°	and	
62.5°.	Corresponding	to	pure	Fe3O4	crystal	faces	(220),	(311),	(400),	(422),	(511)	and	(440).	By	
comparing	the	characteristic	peaks	of	FNMs‐Cys	and	FNMs‐Cys‐Pb,	the	peak	of	Fe3O4	decreases,	
which	 is	consistent	with	 the	report	 [34‐36].	 the	peak	area	 is	 smaller	 than	 the	characteristic	
diffraction	peaks	of	Fe3O4,	Fe3O4‐SiO2,	FNMs‐NH2	and	FNMs‐Cys.The	results	showed	[37]	that	
the	adsorption	of	Pb2+	by	FNMs‐Cys	increased	the	disorder	degree	of	Fe3O4,	and	the	addition	of	
Pb2+	reduced	the	ordering	of	the	composites.	
In	order	to	better	study	the	specific	surface	area	of	modified	FNMs‐Cys,	BET	method	was	used	
to	analyze	the	structural	characteristics	of	the	samples.	The	BET	results	of	Fe3O4,	Fe3O4‐SiO2	
and	FNMs‐Cys	are	shown	in	the	Fig	5(a)(b)	and	table	2.	According	to	IUPAC	classification,	the	
adsorption‐desorption	 isotherms	 of	 Fe3O4‐SiO2	 and	 FNMs‐Cys	 are	 both	 type	 IV	 [38],	 with	
adsorption	hysteresis	loops,	indicating	that	the	porous	adsorbent	has	a	capillary	condensation	
system,	and	the	mesoporous	structure	is	dominant	in	the	material.	It	can	be	seen	from	Table	2	
that	Fe3O4‐SiO2	is	a	mesoporous	composite	with	a	small	pore	volume	of	0.10	cm3/g,	a	medium	
pore	 size	 of	 15.44	nm	 and	 a	medium	 specific	 surface	 area	 of	 30.07	m2/g;	After	 amino	 acid	
modification,	FNMs‐Cys	also	has	mesopores	(9.12	nm)	between	2	nm	and	50	nm.	Because	of	
cysteine	loading,	although	the	average	pore	size	decreased	slightly	[39],	the	grafted	cysteine	
increased	the	specific	surface	area	of	FNMs‐Cys	(42.97	m2/g).	
TG	can	usually	be	used	to	evaluate	the	thermal	stability	of	materials	and	the	proportion	of	each	
component.	 N2	 protection	 was	 selected	 to	 prevent	 Fe3O4	 oxidation	 from	 affecting	 the	
experimental	results.	The	heat	loss	of	Fe3O4,	Fe3O4‐SiO2	and	FNMs‐Cys	was	tested	at	40~800℃	
with	the	TG	curve	at	the	heating	rate	of	10	℃/min	as	shown	in	Fig	5(d).	When	it	was	close	to	
800℃,	the	weight	loss	rates	of	Fe3O4,	Fe3O4‐SiO2	and	FNMs‐Cys	were	respectively	The	weight	
loss	of	FNMs‐Cys	can	be	roughly	divided	into	three	stages.	In	the	first	stage,	the	weight	loss	rate	
of	FNMs‐Cys	is	4.56%	at	0~145℃,	which	corresponds	to	the	water	molecules	existing	in	FNMs‐
Cys	 and	 the	 evaporation	 of	 water	 molecules	 [40],	 which	 also	 proves	 that	 FNMs‐Cys	 is	
hydrophilic.	In	the	second	stage,	the	temperature	dropped	rapidly	from	145	to	270℃,	and	the	
weight	loss	rate	of	FNMs‐Cys	was	19.07%.	Because	the	boiling	point	of	silane	coupling	agent	
was	217℃,	APTES	and	cysteine	grafted	on	the	surface	of	FNMs‐Cys	were	decomposed	by	heat	
[41].	In	the	third	stage,	the	weight	loss	rate	of	FNMs‐Cys	was	28.08%	when	it	decreased	slowly	
from	279℃	 to	 567℃,	which	mainly	 corresponded	 to	 the	 dehydration	 and	 condensation	 of	
silicon	hydroxyl	groups	on	the	surface	of	silica	microspheres,	and	was	similar	to	the	curve	of	
Fe3O4‐SiO2.	
Experimental	 results	 of	 saturation	 strength	 and	 hysteresis	 curves	 of	 VSM	magnetic	 field	 of	
Fe3O4,	 FNMs‐Cys,	 and	 FNms‐Cys‐Pb	 at	 room	 temperature	 are	 shown	 in	 the	 Fig	 5(e).	 Fe3O4,	
FNMs‐Cys	and	FNms‐Cys‐Pb	all	have	superparamagnetism,	and	the	magnetic	properties	of	the	
three	materials	are	68.8emu/g,	58.4emu/g,	respectively.	The	hysteresis	curves	are	all	shaped	
as	 "S",	and	 the	 three	curves	all	pass	 through	 the	origin,	 indicating	 that	 the	coercive	 force	 is	
approximately	zero	[42].The	magnetic	properties	of	the	modified	FNMs‐Cys	were	slightly	lower	
than	that	of	Fe3O4	(5.0	emu/g),	indicating	that	the	modified	FNMs‐Cys	still	maintained	excellent	
magnetic	separation	performance.	The	reason	for	the	decrease	in	magnetic	properties	was	that	
the	 coating	 of	 silica	 and	 the	 load	 of	 functional	 groups	 would	 both	 lead	 to	 the	 decrease	 in	
magnetic	properties	of	the	materials.After	Pb2+	adsorption,	the	magnetic	properties	of	FNMs‐
Cys‐Pb	decreased	only	5.4	emu/g,	still	maintaining	good	magnetic	separation	performance.	By	
comparing	the	dispersion	properties	of	Fe3O4,	FNMs‐Cys,	and	FNms‐Cys‐Pb	in	aqueous	solution,	
it	can	be	intuitively	seen	from	the	figure	that	all	three	have	good	dispersion,	but	FNMs‐Cys	and	
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FNms‐Cys‐Pb	 have	better	 dispersion	 than	 Fe3O4.	 The	 figure	 shows	 the	magnetic	 separation	
performance	of	FNMs‐Cys	and	FNMs‐Cys‐Pb.	It	can	also	be	intuitively	seen	from	the	Fig	5(f)that	
under	the	action	of	external	magnetic	field,	both	of	them	can	be	quickly	separated	within	3	min,	
thus	realizing	rapid	recovery	and	reuse	in	the	actual	treatment	process.	
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Fig	5.	(a,b)BET	spectra	of	Fe3O4,	Fe3O4‐SiO2	and	FNMs‐Cys;	(c)XRD	patterns	of	Fe3O4,	Fe3O4‐
SiO2,	FNMs‐NH2,	and	FNMs‐Cys	and	FNMs‐Cys‐Pb;(d)TG	spectra	of	Fe3O4,	Fe3O4‐SiO2	and	
FNMs‐Cys;	(e)Hysteresis	curves	of	Fe3O4,	Fe3O4‐SiO2	and	FNMs‐Cys‐Pb;	(f)Comparison	of	
dispersion	performance	and	magnetic	separation	performance	of	Fe3O4,	FFNMs‐Cys	,	and	

FNMs‐Cys‐Pb	
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Table	2.	Pore	volume,	pore	size,	and	specific	surface	area	of	Fe3O4,	Fe3O4‐SiO2	and	FNMs‐

Cys	

	 Pore	volume	(cm3/g)	 Average	of	pore	width	(nm)	 BET	surface	(m2/g)	

Fe3O4	 ‐	 ‐	 67.71	
Fe3O4‐SiO2	 0.10	 15.44	 30.07	
FNMs‐Cys	 0.12	 9.12	 42.97	

3.3. Influence	of	Various	Operation	Conditions	on	Batch	Adsorption	Properties	
3.3.1. Effect	of	Adsorption	Materials	
Based	 on	 the	 optimization	 results	 of	 modification	 conditions	 of	 adsorption	 materials,	 the	
adsorption	effects	of	Fe3O4‐SiO2,	FNMs‐NH2	and	FNMs‐Cys	on	Pb2+	were	explored.	Under	the	
same	conditions,	the	adsorption	capacity	of	Fe3O4‐SiO2,	FNMs‐NH2	and	FNMs‐Cys	is	67.55mg/L,	
98.65mg/L	and	168.77mg/L	respectively.	As	can	be	seen	from	the	Fig	6(a),	the	adsorption	effect	
of	FNMs‐Cys	on	Pb2+	is	much	greater	than	that	of	Fe3O4‐SiO2	and	FNMs‐NH2,	which	shows	that	
the	modification	experiment	can	increase	the	adsorption	effect	of	adsorption	.	
3.3.2. Effect	of	pH		
The	effect	of	the	solution	pH	can	be	associated	with	a	number	of	mechanisms	such	as	metal	
speciation	in	solution,	change	of	the	ionic	forms	of	the	functional	groups	on	the	silica	surface,	
and	the	competition	effects	of	proton	ions	with	metal	ions	[43]	.Fig	6(b)shows	the	effect	of	the	
pH	on	the	removal	of	Pb2+	metal	ions	as	the	function	of	the	solution	pH	in	the	range	of	1‐7.As	
shown	in	the	Figure,	in	the	range	of	1	to	7,	the	absorption	of	Pb2+	increases	with	the	increase	of	
PH	from	1	to	6,	and	the	adsorption	capacity	increases	from	51.47	mg/g	to	174.85	mg/g.	At	this	
time,	the	adsorption	of	Pb2+	by	FNMs‐Cys	reaches	the	maximum	value,	while	the	adsorption	of	
Pb2+	decreases	when	pH	is	greater	than	6.Therefore,	the	 increase	 in	the	metal	removal	with	
increasing	pH	can	be	explained	on	the	basis	of	a	decrease	in	competition	between	proton	ions	
(H	+	)	and	positively	charged	metal	ions	at	the	adsorbent	surface	sites,The	concentration	of	H+	
in	the	solution	gradually	decreases,	and	the	adsorbent	can	provide	enough	adsorption	sites	to	
adsorb	Pb2+.	It	is	also	important	to	note	that	at	the	pH	more	than	6,	the	precipitation	of	metal	
cations	 in	 basic	medium	occurs	 because	 of	 the	 forming	 of	metals	 hydroxides	which	 can	 be	
reduced	the	adsorption	efficiency.	To	explain	this	observation,	the	presence	of	the	main	metal	
ion	M2+	species	is	M	(OH)	2	at	pH	>	6,	and	at	pH	<	6	is	M2+	and	M	(OH)	+.	therefore,	most	ions	are	
not	 accessible	 to	 adsorb	 at	 higher	 pH	 values	 and	 consequently	 the	 removal	 efficiency	 is	
decreased.	 Therefore,	 in	 this	 study,	 pH=6	was	 chosen	 as	 the	 optimum	 pH	 for	 all	 following	
experiments.	
3.3.3. Effect	of	Adsorbent	Dosage			
In	order	to	study	the	removal	efficiency	of	Pb2+,	the	effect	of	adsorbent	dose	was	studied.	As	can	
be	seen	from	the	Fig	6(c),	when	the	initial	pH	is	6,	the	effects	of	different	FNMs‐Cys	additions	
(0~50mg)	on	the	adsorption	capacity	and	removal	rate	of	100	mg/L	Pb2+.The	results	showed	
that	the	removal	of	Pb2+	increased	from	61.34%	to	99.74%	for	Pb2+.	
The	adsorption	of	metal	 ions	 increases	with	the	 increase	of	adsorbent	dosage,	which	means	
that	the	active	sites	on	the	adsorbent	surface	increase	and	more	connecting	sites	are	formed.	
When	the	amount	of	adsorbent	increases,	the	removal	rate	of	Pb2+	increases,	When	the	amount	
of	FNMs‐Cys	adsorbent	continues	to	increase	to	50	mg,	the	adsorption	was	171.62mg/g,	and	
the	adsorption	reaches	equilibrium,	at	which	time	the	removal	rate	is	99.74%.	Therefore,	50mg	
of	adsorbent	was	used	in	subsequent	experiments.	
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Fig	6.	Influence	of	(a)	Different	Amino	Acid	Modified	Materials;(b)	pH	and	(c)	Dosage	of	
adsorbent	on	the	removal	of	lead	and	cobalt	using	FNMs‐Cys		
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Table	3.	Comparison	of	Pb2+	removal	rates	of	other	materials	

number	 absorbent	material	
maximum	adsorption	

capacity	 removal	rate	 references	

1	 Natural	zeolite	 66mg/L	 28.84%	 7	

2	
Chitosan/polyvinyl	alcohol	

blends	 7.67	mg/L	 94%	 9	

3	 MnO2/CS	 126.1	mg/L	 83.7%	 44	
4	 Fe3O4‐MnO2‐SiO2‐NH2	 100mg/L	 93.66%	 15	
5	 Cys–Fe3O4	MNPs	 183.5mg/L	 84.18%%	 18	
6	 MSCMNPs‐S	system	 170.27mg/L	 95.7%	 16	
7	 FNMs‐Cys	 178.57	mg/g	 99.76%	 this	study	

	
It	is	obvious	that	the	magnetic	nanoparticles	have	a	stronger	adsorption	capacity	and	a	higher	
efficiency	in	removing	lead	ions	than	materials	such	as	natural	zeolites,	although	it	is	prone	to	
oxidation	and	aggregation,	fortunately,	coating	Fe3O4	particles	with	a	SiO2	layer	by	silylation	
prevents	the	oxidation	and	aggregation	of	Fe3O4,	and	also	improves	its	chemical	stability.Fan	et	
al	[45].	used	SiO2	as	a	core‐shell	for	the	modification	of	the	magnetic	silica	nanoparticles	which	
has	 good	 selectivity	 for	 the	 extraction	 of	 toxic	metal	 ions	 from	 aqueous	media,	 in	 addition	
specific	organic	or	inorganic	compounds	for	surface	modification	can	improve	the	adsorption	
efficiency	 of	 these	 nanoparticles,	 Vojoudi	 et	 al	 [16].	 used	 bis(3‐triethoxysilylpropyl)	
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tetrasulphide	(MSCMNPs‐S4)	 for	 further	modification	of	magnetic	nanomaterials,	and	under	
the	optimized	 conditions,	 the	nanosorbents	 showed	an	adsorption	capacity	of	up	 to	270.27	
mg/L,	which	improved	the	lead	removal	rate.	However,	the	removal	efficiency	was	still	lower	
than	99.76%	used	in	this	paper.	
The	reason	may	be	that	after	the	surface	modification	of	cysteine,	its	‐SH,‐NH2,‐COOH	functional	
groups	provide	good	biocompatibility	and	stability,	and	through	the	formation	of	a	variety	of	
complexes	and	thus	well	involved	in	the	removal	of	metal	ions	from	the	aqueous	solution,	the	
porous	structure	also	provides	more	sites	for	the	adsorption	of	lead.	

3.4. Adsorption	Kinetics	
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Fig	7.	quasi‐first‐order	kinetic	model	(a),	quasi‐second‐order	kinetic	model	(b),	In‐particle	
diffusion	model	(c),	Elovich	model	(d)	and	Influence	of	adsorption	time	on	adsorption	

effect(e)	
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As	shown	in	the	Fig	7(e),	the	effects	of	Fe3O4‐SiO2,	FNMs‐NH2	and	FNMs‐Cys	on	the	adsorption	
capacity	of	100	mg/L	Pb2+	at	different	adsorption	times	were	determined.	The	results	showed	
that	 the	 adsorption	 processes	 of	 Fe3O4‐SiO2,	 FNMs‐NH2	 and	 FNMs‐Cys	 almost	 reached	
equilibrium	within	4	hours,	and	the	adsorption	capacity	of	FNMs‐Cys	was	higher	than	that	of	
Fe3O4‐SiO2	and	FNMs‐NH2.	Adsorption	kinetic	model	 is	widely	used	 to	 analyze	 the	dynamic	
adsorption	 behavior	 in	 batch	 system	 and	 reveal	 the	 mass	 transfer	 mechanism,	 which	 is	
convenient	for	understanding	the	adsorption	performance	and	process	of	Pb2+	by	FNMs‐Cys	.	
Therefore,	 the	 quasi‐first‐order	 kinetic	 model,	 quasi‐second‐order	 kinetic	 model,	 Elovich	
model	 and	 intra‐particle	 diffusion	 kinetic	 model	 were	 selected	 to	 fit	 the	 Pb2+	 adsorption	
capacity	of	FNMs‐Cys	 in	different	 time	 ranges	 [46].	Fig	7	 (a)‐(e)and	Table	4	 summarize	 the	
quasi‐first‐order	 kinetic	model,	 quasi‐second‐order	 kinetic	model,	 Elovich	model	 and	 intra‐
particle	diffusion	kinetic	model,	as	well	as	the	corresponding	parameters	and	data.	
Compared	 the	 R2	 of	 the	 quasi‐first‐order	 kinetic	model	 and	 the	 quasi‐second‐order	 kinetic	
model,	the	correlation	coefficient	(R2=0.999)	obtained	by	the	quasi‐second‐order	kinetic	model	
shows	a	higher	fitting	degree	with	the	experimental	data,	while	the	R2	of	the	quasi‐first‐order	
kinetic	model	is	only	0.931.The	assumption	of	pseudo‐second‐order	kinetics	is	that	the	reaction	
process	 is	 based	 on	 chemical	 adsorption,	 that	 is,	 the	 chain	 force	 or	 ion/electron	 exchange	
combination	between	metal	ions	and	adsorption	materials,	so	the	adsorption	rate	of	FNMs‐Cys	
is	controlled	by	chemical	adsorption.	The	main	migration	state	of	Pb2+in	the	adsorption	process	
and	the	adsorption	process	in	each	stage	can	be	judged	by	the	intra‐particle	diffusion	kinetic	
model.	Almost	all	adsorption	sites	of	FNMs‐Cys	exist	on	its	surface,	so	adsorbents	can	easily	
enter	these	active	sites,	so	in	the	initial	stage.	The	slopes	of	the	three	stages	gradually	decrease,	
indicating	that	the	adsorption	rate	gradually	decreases,	and	it	is	in	a	slow	diffusion	stage,	and	
Pb2+	continuously	diffuses	to	micropores,	and	finally	reaches	the	adsorption	equilibrium.	The	
multi‐stage	 adsorption	 process	 shows	 that	 this	 reaction	 is	 not	 limited	 to	 the	 influence	 of	
diffusion	factors,	but	also	has	other	effects.	Elovich	model	is	a	dynamic	model	to	explore	the	
adsorption	capacity	on	the	basis	of	chemical	adsorption,	and	R2=0.930	once	again	proves	that	
the	adsorption	process	is	chemical	adsorption	[45,	47].	

	
Table	4.	Fitting	parameters	of	FNMs‐Cys	adsorption	kinetics	model	for	Pb2+	

model	 parameter	 FNMs‐Cys	

Quasi‐first‐order	kinetic	model	

R2	 0.931	
k1	(min‐1)	 0.003	

qe,cal	(mg/g)	 39.581	

Quasi‐second‐order	kinetic	model	

R2	 0.999	

k2	〔g/(mg·min)	〕	 6.613×10‐4	

qe,cal	(mg/g)	 162.074	

Elovich	model	
α	 4.399×104	
β	 0.090	
R2	 0.930	

Intra	particle	diffusion	model	

0‐20	min	
R2	 29.888	

k1	(min‐1)	 11.727	
qe,cal	(mg/g)	 0.911	

25‐300	min	

R2	 1.776	

k2	〔g/(mg·min)〕	 123.920	

qe,cal	(mg/g)	 0.991	

360‐900	min	
α	 0.782	
β	 141.335	
R2	 0.930	
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3.5. Adsorption	Isotherm	
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Fig	8.	Langmuir	model	(a),	Freundlich	model	(b),	Temkin	model	(c),	D‐R	model	(d)	and	

Influence	of	initial	concentration	on	adsorption	effect(e)	

As	shown	in	the	Fig	8(e),	 the	 influence	of	the	change	of	Pb2+	solution	concentration	on	Pb2+	
adsorption	capacity	of	Fe3O4‐SiO2,	FNMs‐NH2	and	FNMs‐Cys	in	the	same	adsorption	time	was	
determined.	The	experimental	results	show	that	the	adsorption	capacity	of	FNMs‐Cys	is	always	
higher	 than	 Fe3O4‐SiO2	 and	 FNMs‐NH2,	 and	 the	 composite	 material	 FNMs‐Cys	 modified	 by	
magnetic	mesoporous	silica	obviously	improves	Pb2+,	and	the	adsorption	capacities	of	the	three	
materials	 also	 increase	 with	 the	 increase	 of	 solution	 concentration.	 When	 the	 solution	
concentration	 reached	 100	 mg/L,	 the	 concentration	 increased	 again,	 and	 the	 adsorption	
capacity	 of	 Pb2+	 by	 FNMs‐Cys	 increased	 slowly.	 In	 addition,	 in	 order	 to	 further	 explore	 the	
capacity	of	the	adsorbent	itself,	three	adsorption	isotherm	models,	Langmuir,	Freundlich	and	
Temkin,	were	used	 to	 fit	and	analyze	 the	adsorption	behavior	of	FNMs‐Cys.	Fig	8(a)‐(d)and	
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Table	5	summarize	the	corresponding	parameters	and	data.	From	the	experimental	data,	it	can	
be	concluded	that	the	adsorption	of	Pb2+	by	FNMs‐Cys	is	more	in	line	with	Langmuir	adsorption	
isotherm	model	 (R2=0.999),	 indicating	 that	 the	 adsorption	 process	 of	 Pb2+	 by	 FNMs‐Cys	 is	
monolayer	adsorption	[48].	According	to	Langmui	model,	when	the	solution	concentration	is	
180	mg/L,	the	theoretical	maximum	adsorption	capacity	qm	of	FNMs‐Cys	reaches	178.57	mg/g,	
which	is	close	to	the	actual	adsorption	capacity	(174.85	mg/g).	In	addition,	when	the	1/n	in	
Freundlich	model	is	between	0	and	1,	 it	 is	more	beneficial	to	the	adsorption	process.	In	this	
study,	the	1/n	of	FNMs‐Cys	is	0.313,	which	indicates	that	the	adsorption	process	is	forward,	
and	it	shows	that	the	adsorption	process	is	chemical	monolayer	adsorption	[49].	However,	the	
fitting	R2	of	D‐R	isothermal	model	is	0.648,	which	does	not	have	good	fitting.	[50]		

	

Table	5.	Fitting	parameters	of	FNMs‐Cys	adsorption	isothermal	model	for	Pb2+	

model	 parameter	 FNMs‐Cys	

Langmuir	model	
R2	 0.999	

qm	(mg/g)	 178.57	
KL	(L/mg)	 0.379	

Freundlich	model	
R2	 0.923	

KF	(L/mg)	 56.949	
1/n	 0.313	

Temkin	model	

B	 24.833	
αT	 17.222	
bT	 133.248	
R2	 0.939	

D‐R	model	
qm	(mg/g)	 124.109	

β	 4.865	
R2	 0.648	

3.6. Thermodynamic	Analysis	
As	can	be	seen	from	Fig	9(a),	when	the	temperature	is	10℃,	the	adsorption	capacity	of	FNMs‐
Cys	on	100	mg/L	Pb2+	is	75.75	mg/g,	and	the	adsorption	capacity	increases	with	the	increase	
of	temperature.	When	the	temperature	rose	to	20℃,	the	adsorption	capacity	of	FNMs‐Cys	on	
Pb2+	reached	121.15	mg/g.	When	the	temperature	was	33	℃,	the	adsorption	capacity	increased	
to	175.82	mg/g.When	 the	 temperature	reaches	 the	maximum	55℃,	 the	adsorption	capacity	
also	reaches	the	maximum	181.55	mg/g.	The	slope	of	the	adsorption	curve	gradually	decreases.	
After	 33℃ ,	 the	 adsorption	 capacity	 increases	 slowly.	 In	 order	 to	 further	 understand	 the	
adsorption	mechanism	of	FNMs‐Cys	on	Pb2+,	Van	'thoff	equation	was	fitted,	and	thermodynamic	
parameters(Fig	9b)	and	relevant	data	were	obtained	(Table	6).ΔS	is	greater	than	0,	indicating	
that	with	the	increase	of	temperature,	the	randomness	of	the	interface	between	adsorbent	and	
adsorbed	object	 increases.	This	randomness	 is	mainly	due	 to	 the	complexation	of	Pb2+	with	
amino	and	carboxyl	functional	groups,	which	increases	the	mobility	and	deionization	rate	of	
proton	from	the	surface.	[51]	ΔH=37.802	kJ/mol	adsorption	enthalpy	change	is	in	the	category	
of	 chemisorption,	 which	 is	 attributed	 to	 chemisorption.	 The	 temperature	 is	 inversely	
proportional	to	ΔG,	and	ΔG	is	less	than	0,	indicating	that	the	process	is	spontaneous	adsorption	
at	 room	 temperature.	 It	 can	 also	 be	 seen	 from	 the	 thermodynamic	 parameters	 that	 the	
adsorption	of	pb2+	by	FNMs‐Cys	is	an	endothermic	process,	and	the	increase	of	temperature	is	
conducive	to	adsorption.	[52‐53]		
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Fig	9.	Influence	of	temperature	on	adsorption	effect	(a)	and	thermodynamic	analysis	of	Pb2+	

adsorption	by	FNMs‐Cys	(b)	

Table	6.	Adsorption	thermodynamic	fitting	parameters	of	Pb2+	by	FNMs‐Cys	

T(K)	 ∆G(kJ/mol)	 ∆H(kJ/mol)	 ∆S(J/mol·K)	
284.15	 ‐0.20	

37.802	 135.831	

288.15	 ‐0.79	
293.15	 ‐2.08	
300.15	 ‐3.94	
306.15	 ‐4.53	
313.15	 ‐4.82	
323.15	 ‐5.08	

3.7. Anti‐interference	Evaluation	of	FNMs‐Cys	
In	the	lead‐containing	wastewater	in	real	 life,	Pb2+	does	not	exist	alone,	and	there	are	many	
cations	and	anions	coexisting.	[53]	In	this	part,	by	adding	the	nitrates	of	Na+,	K+,	Ca2+	and	Mg2+	
with	the	same	concentration	gradient	to	form	a	binary	system	with	Pb2+,	the	interference	ability	
of	Na+,	K+,	Ca2+	and	Mg2+	on	the	adsorption	of	Pb2+	by	FNMs‐Cys	was	explored.	As	can	be	seen	
from	Fig	10(a),	all	cations	have	different	degrees	of	interference	ability	to	Pb2+	adsorption	of	
FNMs‐Cys,	and	the	interference	degree	is	Ca2+>Mg2+>Na+>K+.	The	magnitude	of	the	ionic	charge	
determines	the	magnitude	of	the	interference	effect,	the	smaller	the	ionic	charge,	the	smaller	
the	interference	on	FNMs‐Cys,	which	hardly	constitutes	a	competitive	adsorption,	Na+	and	K+	
have	little	effect	on	the	Pb2+	adsorption	capacity	of	FNMs‐Cys,	and	from	the	point	of	view	of	
electrostatic	attraction,	the	ionic	charges	of	Na+	and	K+	are	smaller	than	those	of	Pb2+,	Ca2+,	and	
Mg2+,	and	therefore	are	not	easily	adsorbed	by	functional	groups	such	as	amino	and	carboxyl	
groups	on	FNMs‐Cys.	Therefore,	it	can	also	be	judged	that	the	electrostatic	adsorption	effect	is	
not	 the	most	 important	adsorption	mechanism	for	the	adsorption	of	Pb2+	by	FNMs‐Cys.	The	
concentration	of	coexisting	ions	was	negatively	correlated	with	the	adsorption	capacity.	When	
the	concentration	of	coexisting	ions	increased	to	0.1	mol/L,	the	adsorption	capacity	of	FNMs‐
Cys	on	100	mg/L	Pb2+	decreased	from	170.62	mg/g	to	142.38	mg/g,	139.55	mg/g,	121.29	mg/g,	
and	108.76	mg/g,	 respectively,	 and	 the	adsorption	capacity	of	FNMs‐Cys	on	Pb2+	decreased	
from	170.62	mg/g	to	142.38	mg/g,	139.55	mg/g,	121.29	mg/g	and	108.76	mg/g,	respectively.	
Cys	adsorption	capacity	of	P2+	continued	to	decrease	when	the	concentration	of	coexisting	ions	
increased	to	0.2	mol/L.	
In	addition,	the	interference	effects	of	different	types	of	anions	and	concentrations	on	the	Pb2+	
adsorption	capacity	of	FNMs‐Cys	were	also	explored.	Six	representative	anions	were	selected,	
namely	Cl‐,	NO3‐,	Br‐,	SO42‐,	CO32‐	and	F‐.	From	Fig	10(b),	it	can	be	seen	that	the	six	anions	have	
little	interference	with	the	Pb2+	adsorption	capacity	of	FNMs‐Cys	55.,	and	the	one	with	the	least	
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influence	is	Br‐.	whose	adsorption	capacity	for	Pb2+	is	167.25	mg/g,	which	is	only	slightly	lower	
than	that	in	the	absence	of	anions	(169.62	mg/g).	NO3‐	had	the	greatest	interference	effect,	and	
the	adsorption	capacity	of	FNMs‐Cys	on	Pb2+	was	147.84	mg/g.	Because	the	presence	of	nitrate	
causes	an	ion	exchange	process	with	lead	ions,	 lead	nitrate	(Pb(NO3)2)	 is	generated	through	
competitive	 adsorption	 and	 reaction,	 and	 the	 solution	 pH	 is	 adjusted	 so	 as	 to	 reduce	 the	
adsorption	of	lead	ions.		

	
Fig	10.	Influence	of	different	interfering	cations(a)	and	different	interfering	anions(b)on	the	

adsorption	capacity	of	Pb2+	by	FNMs‐Cys	

3.8. Reproducibility	of	FNMs‐Cys	
In	order	to	verify	the	reproducibility	of	FNMs‐Cys	and	the	possibility	of	recycling,	adsorption‐
desorption	experiments	were	carried	out.	Generally,	strong	acids	such	as	hydrochloric	acid	can	
regenerate	amino	and	carboxyl	functionalized	adsorbents	after	adsorption.	It	is	important	to	
judge	whether	FNMs‐Cys	can	exist	stably	in	strong	acid	medium.	Therefore,	5	concentration	
gradient	HCl	washing	solutions	were	set.	It	can	be	seen	from	the	Fig11(a)	that	the	regeneration	
performance	of	FNMs‐Cys	is	better	with	the	increase	of	HCl	solution	concentration	in	the	range	
of	0.01	~	0.1	mol/L.	When	the	HCl	solution	is	0.1	mol/L,	it	is	more	suitable	as	the	regeneration	
medium,	and	the	Fe3O4	core	is	stable	during	the	regeneration	process.	
At	the	same	time,	concerned	whether	the	washing	time	of	FNMs‐Cys	in	HCl	solution	will	affect	
the	desorption	degree	of	FNMs‐Cys.	It	was	found	Fig	11(b)	that	the	longer	the	washing	time,	
the	better	the	regeneration	of	the	desorbed	and	reabsorbed	FNMs‐Cys.	When	the	washing	time	
was	 60	min,	 the	 adsorption	 capacity	 of	 FNMs‐Cys	 for	 Pb2+	 reached	 159.23	mg/g.	Using	0.1	
mol/L	HCl	solution	as	washing	solution,	the	washing	time	was	controlled	at	60	min,	and	the	
Pb2+adsorbed	FNMs‐Cys(FNMs‐Cys‐Pb)	 composite	was	adsorbed	and	desorbed.	Adsorption‐
desorption	of	FNMs‐Cys	 (FNMs‐Cys‐Pb)	composites	after	adsorption	of	Pb2+	was	performed	
five	times	.	According	to	the	results	of	the	Fig11(c),	The	removal	of	Pb2+	by	FNMs‐Cys	after	five	
adsorption‐desorption	cycles	was	only	14.7%	lower	than	the	first	time.	The	adsorption	capacity	
of	139.25	mg/g	could	still	be	maintained,	 indicating	that	FNMs‐Cys	had	excellent	reusability	
and	regeneration.Fig11(d)	shows	the	diagram	of	recycling	process.	
Because	 FNMs‐Cys	 showed	 a	 high	 ability	 to	 remove	 Pb2+,	 understanding	 the	 internal	
mechanism	of	adsorption	materials	in	heavy	metal	reaction	is	helpful	for	its	further	application	
in	 water	 pollution	 control,	 so	 the	 adsorption	 mechanism	 of	 FNMs‐Cys	 in	 heavy	 metal	
adsorption	is	studied	and	discussed.	
As	concluded	above,	the	experimental	data	of	adsorption	kinetics	show	that	the	adsorption	of	
Pb2+	by	FNMs‐Cys	is	more	in	line	with	the	quasi‐secondary	kinetic	model	(R2=0.998),	and	the	
theoretical	adsorption	capacity	of	the	quasi‐secondary	kinetic	model	(qe,cal	of	174.85	mg/g)	is	
also	closer	to	the	adsorption	capacity	at	the	actual	equilibrium	(178.57	mg/g),	which	belongs	
to	 chemisorption.	 The	 mechanism	 of	 the	 adsorption	 reaction	 can	 be	 deduced	 from	 the	
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magnitude	of	E.	At	E	values	between	8	and	16	kJ/mol,	chemical	ion	exchange	is	the	main	process	
of	adsorption.		
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Fig	11.	Effect	of	hydrochloric	acid	concentration	(a)	washing	times	(b)	on	regeneration	

performance	(c)	washing	time	(d)diagram	of	recycling	process	
	

When	 the	E	value	 is	higher	 than	16	kJ/mol,	 chemical	adsorption	becomes	 the	main	 form	of	
adsorption,	and	the	role	of	ion	exchange	is	minimal.	At	E	values	below	8	kJ/mol,	adsorption	is	
mainly	influenced	by	physical	forces.	In	the	present	study,	the	E‐value	of	the	sample	was	15.1.	
The	Van'thoff	equation	was	fitted	and	thermodynamic	parameters	and	correlation	data	were	
obtained.	ΔS	 is	greater	 than	0,	 indicating	 that	 the	stoichiometry	between	the	adsorbent	and	
adsorbate	 interfaces	 increases	 with	 increasing	 temperature,	 and	 that	 this	 stoichiometry	 is	
mainly	 due	 to	 an	 increase	 in	 proton	mobility	 and	 dissociation	 from	 the	 surface	 due	 to	 the	
complexation	of	Pb2+	with	amino‐	and	carboxyl‐functional	groups.	ΔH=	37.802	kJ/mol	enthalpy	
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change	of	adsorption	is	within	the	realm	of	chemisorption	and	also	indicates	a	predominantly	
chemisorption	 [54].	which	also	proves	 that	 the	 adsorption	was	 carried	out	by	 chemical	 ion	
exchange	mechanism.Na+,	 K+,	 Ca2+,	 Mg2+	 and	 different	 anion	 concentrations	were	 added	 to	
FNMs‐Cys	adsorption	target	metal	solution	(solution	containing	Pb2+)	to	judge	the	influence	on	
adsorption.	the	existence	of	coexisting	ions	has	a	negative	correlation	with	the	binding	of	FNMs‐
Cys	and	Pb2+.	Low	concentration	(0.05	M)	of	Na+,	K+,	Ca2+	and	Mg2+	has	little	negative	effect	on	
the	adsorption	of	Pb2+	in	FNMs‐Cys,.	The	intense	competition	between	high	concentration	ion	
coexisting	 cation	 solution	 and	 target	 metal	 solution	 Pb2+	 indicates	 that	 cation	 exchange	 is	
involved	 in	 the	 adsorption	 process.	 This	 competitive	 behavior	 is	 not	 obvious	 when	 low	
concentration	cations	participate,	which	indicates	that	ion	exchange	is	not	the	decisive	factor	
affecting	adsorption	[55].	After	modification,	the	surface	of	FNMs‐Cys	was	detected	by	FTIR	to	
have	a	variety	of	functional	groups,	including	ungrafted	amino	and	hydroxyl	groups,	as	well	as	
grafted	carboxyl,	amino,	and	sulfhydryl	groups,	which	were	complexed	to	lead	to	form	strong	
chemical	bonds	and	surface	complexes,	such	as	lead	sulfide	and	lead‐carboxylic	acid	complexes,	
to	remove	lead	from	solution.	

3.9. Adsorption	Mechanism	of	FNMs‐Cys	
In	addition,	from	the	study	of	pH	value,it	can	be	seen	that	when	the	pH	is	low,	the	H+	on	the	
surface	of	the	adsorbent	forms	a	competitive	adsorption	with	Pb2+,	so	the	adsorption	capacity	
of	Pb2+	is	low,	and	the	uptake	of	Pb2+	increases	when	the	pH	is	increased,	and	the	adsorption	
capacity	shows	a	decreasing	tendency	when	the	pH	is	more	than	6,functional	groups	such	as	
carboxyl,	amino	and	sulfhydryl	grafted	by	FNMs‐Cys	lose	protons,	so	that	the	surface	of	FNMs‐
Cys	 is	 negatively	 charged,	which	 generates	 electrostatic	 interaction	with	 positively	 charged	
Pb2+,	 and	 FNMs‐Cys	 adsorbs	 lead	 on	 deprotonated	 amino,	 carboxyl	 and	 sulfhydryl	 through	
electrostatic	 interaction	 [56].	Based	on	 the	above	analysis,	 it	 is	 speculated	 that	 the	possible	
adsorption	 mechanisms	 mainly	 include	 complex	 adsorption,	 electrostatic	 adsorption	 and	
physical	adsorption.	

4. Conclusion	

In	 this	study,	a	new	magnetically	responsive	porous	nanomaterial	adsorbent	FNMs‐Cys	was	
studied	 for	 the	 first	 time,	 and	 the	 removal	 efficiency	 of	 Pb2+	 from	 aqueous	 solution	 was	
investigated	by	adsorption.	The	optimal	synthesis	conditions	of	FNMs‐Cys	were	obtained	by	
orthogonal	 experiments.	 The	 results	 showed	 that	 the	 adsorption	 capacity	 of	 the	material	 is	
affected	 by	 the	 solution	 pH,	 concentration	 of	 the	 metal	 ions,	 dosage	 of	 adsorbents	 ,and	
adsorption	material.	The	optimized	pH	was	6	a	for	adsorption	of	Pb2+	ions,	respectively.	It	was	
also	found	that	the	Langmuir	model	is	the	best	model	to	describe	adsorption	behavior	of	these	
ions	onto	FNMs‐Cys.	According	to	Langmuir	equation	the	maximum	adsorption	values	of	Pb2+	
was	178.57	mg/g	respectively.	In	addition,	the	kinetic	study	demonstrated	that	the	adsorption	
process	followed	the	pseudosecond‐order	model.	Thermodynamic	studies	also	suggested	that	
the	adsorption	process	of	aforementioned	metal	ions	onto	the	FNMs‐Cys	is	endothermic	and	
entropy	favored	in	nature.	The	results	of	this	study	show	that	FNMs‐Cys	composite	is	a	kind	of	
adsorbent	 with	 good	 adsorption	 performance,	 easy	 recovery	 and	 good	 regeneration	
performance,	and	has	good	adsorption	effect	on	Pb2+,	and	can	be	used	as	a	magnetic	adsorbent	
material	to	remove	Pb2+.	
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